The microstructural evolution was investigated according to the equivalent strain in uniaxial compression using an ultra-low carbon steel. The equivalent strain was quantitatively calculated by using finite element analysis. The microstructure was rapidly refined up to the equivalent strain of 2.4 with the material flow to rolling direction (RD) with the remarkable development of high angle boundaries. At that time, texture such as (001)[110] and (111)[110] significantly developed. Inhomogeneous deformation behavior according to texture was observed; h100i == ND was elongated without the development of subgrain even under large strain, but h111i == ND was divided into small grains isolated with high angle boundaries.
Introduction
A microstructure is dependent on the parameters of deformation processing, such as the temperature, strain, strain rate, and deformation mode. Among them, the strain is an important factor that affects the microstructure during deformation. Recently, severe plastic deformation (SPD) techniques have been developed for obtaining ultrafine materials, such as equal channel angular extrusion, 1) multiaxis deformation, 2) accumulative roll-bonding, 3) and highpressure torsion. 4) Although a fine microstructure can be achieved through SPD processes, microstructural change by processing parameters has not been quantitatively evaluated in each deformation path because the deformation history is not clear. Therefore, it is difficult to compare microstructures formed by each SPD technique. Irrespective of deformation processing, the equivalent strain, " eq , can be considered to be a more accurate general physical parameter than the reduction ratios of thickness or area. A fundamental understanding of the strain effect could provide a clue to the control of the microstructure and texture in various kinds of deformation processes. 5) On the other hand, in an earlier study, 6 ) the microstructural change of ferrite was reported under large-strain single deformation with high strain rates by warm deformation above 923 K. A strong texture, such as h100i, h111i == ND and h110i == RD, was developed, and fine ferrite was obtained under the large strain of 4. However, the mechanism of such texture evolution differed from that of typical static recrystallization, and the deformation behavior was not thoroughly understood. In order to understand the mechanism of grain refinement and texture development in regions under large strain, 3, [6] [7] [8] the microstructure and texture variation should be determined according to " eq . In this study, the effect of " eq on the microstructural evolution was investigated under a plane strain condition using finite element analysis (FEA) and electron backscattered diffraction (EBSD) when an ultra-low carbon steel was compressed uniaxially at 773 K.
Experimental
A uniaxial compression technique involving a plane strain condition was used for thermo-mechanical processing. 9, 10) A test specimen with dimensions of 18 mm Â 15 mm Â 12 mm (width) was machined from a warm rolled bar with the composition 0.0014C-0.30Si-0.20Mn (mass%).
11) The specimen was machined to make the compression axis (ND) parallel to the elongated direction of the as-received rolled bar. A thermo-mechanical treatment simulator, Gleeble 2000, was used for the uniaxial compressive deformation, which was applied parallel to the direction of the width with a reduction ratio of 66%. The specimen was heated at a rate of 5 K/s to a soaking temperature of 773 K, and compressive deformation was applied with a nominal strain rate of 0.1 s
À1
after soaking for 5 s. It was then quenched to room temperature using a water jet to freeze the microstructure. An explicit FEA was used to evaluate the strain distribution in the specimen compressed by a reduction ratio of 66%. Simulation by the explicit FE code ABAQUS/Explicit was performed and has been explained in detail elsewhere. 12, 13) Here, to avoid confusing the directional notation in the deformed specimen, the ND and RD correspond to the compressive and elongated directions after compression, respectively. All directions will be expressed as ND, RD, and TD. On the basis of the calculated strain distribution, the microstructural evolution of the TD section was observed in the regions without shear strain along the ND. In our specimen, the effect of the compressive strain considered under a plane strain condition of the observed area was restricted to the middle part of the RD and TD. 12, 14) The microstructure was measured by the EBSD method. For the EBSD measurement, the specimen was polished using a colloidal silica suspension after routine mechanical polishing.
Results and Discussion
The boundary map and inverse pole figures of the RD and ND in a non-deformed region after the thermo-mechanical procedure are shown in Fig. 1 . Here, the black and gray lines indicate the high angle boundary of ! 15 and the low angle boundary of 2
, respectively. In order to clearly examine the materials flow according to the strain, a specimen was machined with its ND parallel to the elongated direction of the as-received rolled bar, which consists of a fully deformed matrix without recrystallized grains. 11) In addition, the uniaxial compression at a lower temperature of 773 K was performed to prevent microstructural change by recrystallization during soaking in order to clearly observe the materials flow by compressive deformation. The microstructure remained fully deformed and elongated parallel to the ND, as shown by the high angle boundaries marked in black in Fig. 1 . Low angle boundaries developed within a grain, which is a typical characteristic of a deformed matrix. Some orientation components were somewhat stronger, but we focused primarily on the materials flow and microstructural change according to " eq under the plane strain condition.
The distributions of " eq and each strain component, " xx , " yy , and " zz , in the x (RD), y (ND), and z (TD) directions in x ¼ z ¼ 0 quantified by FEA are shown in Fig. 2 . The illustration of a deformed specimen in Fig. 2 clearly explains the directional notation. As mentioned above, the observed area was limited to the center area perpendicular to the TD with x ¼ 0, and the microstructure was observed along the ND to exclude the effect of shear strain, as shown in Fig. 2 , because microstructural evolution is considered to depend on the shear deformation. 5, 14) Although the strain in the TD is not completely zero, it is negligibly small compared with all other normal strain components, and the deformation condition is almost a plane strain compression. 12) As the position deviates from the center, the " eq decreases rapidly according to the y distance from the center.
On the basis of this calculation, the microstructure was observed in the regions of " eq of 1.1, 1.5, 2.0, 2.4, 3.1, and 3.5. The ND orientation maps are shown in Fig. 3 . A black line displays the high angle boundaries over 15 . The microstructure changes rapidly over 2.0, and that below 2.0 ( Fig. 3(a) and (b) ) is similar to the non-deformed microstructure in Fig. 1 . Under strain larger than 2.4, vigorous subdivision of the microstructure occurs. On the other hand, regarding the texture evolution, the components of h100i and h111i parallel to the ND are strengthened, and subdivision surrounded by high angle boundaries is significantly promoted over 2.4. The materials flow to the RD (horizontal direction in Figs. 3 and 4) is known from the change in the pancaked grain shape and the development of high angle boundaries. In Fig. 4 , the RD orientation characteristics show that (110) components were mostly developed and the (112) component was locally promoted under larger strain. It is noteworthy that a strong texture, such as h100i, h111i == ND and h110i == RD, evolved under large strain and was consistent with the results of low carbon steel compressed under warm working temperatures. 7, 15) In order to examine the sudden microstructural change, the orientation maps were measured by low magnification in the equivalent strain range between 1.1 and 2.9, as shown in Fig. 5 . Abrupt microstructural alteration accompanied with grain elongation and refinement began above the strain of 2.0. From a textural viewpoint, it is interesting that the orientation rotation and development of high angle boundaries are suppressed in f100gh011i, while the grains of f111gh112i are influenced by the significant orientational change occurring with grain subdivision. Generally, it is well known that h111i == ND has a larger Taylor factor than h100i == ND in BCC metals, which means that many slip systems are activated and grain fragmentation is easily promoted in h111i == ND. 16) Additionally, some researchers have reported that in-grain shear bands, which contribute to orientation rotation and the formation of subgrains, developed in the region of a larger Taylor factor 17) and the most prevalent large Taylor factor orientations were those of the -fiber (h111i == ND). 18) These results can account for inhomogeneous deformation according to the orientation during warm deformation. Figure 6 shows the inhomogeneous deformation behavior using local misorientation, the kernel average misorientation (KAM). 19) Figs. 6(a) and 6(c) present the boundary maps with high angle boundaries (black line, ! 15
) and low angle boundaries (red line, 2 < 15 ), respectively. In " eq ¼ 1:5, no apparent deformation behavior was observed from the boundary map of Fig. 6(a) and Fig. 3(b) , but many traces of deformation bands by slip were evident within a grain in the KAM map, as indicated by the white arrows in Fig. 6(b) . It is noteworthy that the deformation bands seldom advance in the h100i == ND grains. As the strain increases, small grains (fragmentations by deformation) isolated by high angle boundaries are generated by the collapse of the boundaries (black arrows in Fig. 6(c) ). This kind of recrystallization corresponds to ''continuous recrystallization'' without recognizable nucleation. 7, 20) In addition, the remarkable nature of the inhomogeneous deformation behavior between h100i and h111i in the ND, already as explained in Fig. 5 , is noteworthy. Figures 6(c) and 6(d) shows that the deformation in the h111i orientation concentrates more intensively than that in the h100i orientation even under the larger strain of " eq ¼ 3:1. Therefore, a subdivision easily occurs by the deformation concentration in the h111i component. However, the h100i component seldom shows orientation variation within a grain, even under large strain. In other words, h100i grains turn to an elongated shape adapted with compressive deformation without significant subdivision and rotation of orientation. Similar results have been reported in a warm deformation behavior in low carbon steel and IF steel. . 23) These results are similar to those obtained in previous research when the specimen was deformed by the strain of 4 at 923-1123 K. 6) Such orientation characteristics are evidence of continuous dynamic recrystallization unaccompanied by apparent nucleation. Nevertheless, a more in-depth quantitative examination on texture evolution is needed during warm deformation, including the strong texture development of (001)[110] at higher temperature. 6) Regarding the mechanism of grain refinement through severe plastic deformation, some researchers have proposed the microshear band mechanism, whereby local lattice rotation takes places at the intersection of microshear bands. 17, 24) In our specimen, deformation bands inclined 20 to the RD are actively generated in h111i == ND, as shown in Figs. 3(c) and 3(d) . It is also interesting that most of the new grains (Fig. 6(c) ) form near grain boundaries or along the deformation bands. Dorner et al. reported that microbands with periodic lattice rotation occurred only near the boundary and the boundary plays an important role in the formation of these bands by altering or restricting the active slip systems in the vicinity of the grain boundaries. 24) Nevertheless, a precise observation of the microstructure and textural evolution near deformation bands with higher magnification is needed for better understanding of the mechanism by grain refinement. Figure 7 displays the change of the boundary characteristics as a function of " eq imposed by compression. The boundary is divided into three kinds of misorientation angles, i.e., low angle (2 < 5 ), medium angle (5 < 15 ), and high angle ( ! 15 ) boundaries. Under the strain of 2.4, the boundary characteristics in the deformed region are similar to those of the undeformed region. However, when the " eq exceeds 2.4, the boundary distribution changes drastically, high angle boundaries develop, and the fraction of the low angle boundaries decreases. The fraction of the medium angle boundaries increases under the strain of 3.1, but it decreases under the strain of 3.5. It is considered that most boundaries become high angle boundaries in an area under large strain because grain fragmentation is accompanied by the continuous recrystallization. These results are consistent with the microstructural evolution according to " eq , as presented in Figs. 3 and 4 .
On the other hand, the distribution of the Vickers hardness was measured under a load of 1N with respect to " eq , as shown in Fig. 8 . The hardness increases as the " eq becomes larger. The increment in the hardness can be understood because of work hardening through the accumulation of the dislocation and grain refinement by the increase of the strain. The deviation of hardness for each strain level decreases as the " eq becomes larger, and it is considered that average value of hardness is reflected from a lot of fine grains. Furthermore, this result corresponds to the microstructural evolution in Figs. 3-5 . From the distribution of the hardness, we can determine that grain refinement by fragmentation is an effective method to increase the strength in warm deformation.
Conclusion
The microstructural evolution was studied according to the equivalent strain, " eq , when an ultra-low carbon steel was deformed under uniaxial compression at 773 K. The microstructure was refined over the strain of 2.4, and a strong texture, such as (001) [110] and (111) [110] , developed at that time. In addition, the inhomogeneous deformation behavior was examined, in which grain refinement occurs mainly in h111i == ND due to the development of high angle boundaries. However, the (001) component was stable and elongated to RD even under large strain. The microstructure and texture evolution indicated the characteristics of continuous recrystallization unaccompanied with recognizable nucleation. Furthermore, the high angle boundaries were remarkably promoted at " eq above 2.4. The increase of the hardness by grain refinement was measured by the Vickers hardness and was consistent with the microstructural evolution during warm deformation. 
